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116. Abstroet I 
A s tudy of seve ra l  parameters which l i m i t  t he  current  g a i n  
of G a A s  b ipo la r  t r a n s i s t o r s  has l ed  t o  the  development of 
vapor-grown n-p-n G a A s  t r a n s i s t o r s  wi th  reproducible s t a b l e  
c u r r e n t  gains a s  high a s  30 a t  room-temperature and 15 a t  300°C. 
These t r a n s i s t o r s  have nea r ly  f l a t  I-V c h a r a c t e r i s  t i c s  t o  
vol tages  g r e a t e r  than 50 V. The technology by which such 
t r a n s i s t o r s  have been fabr i ca ted  u t i l i z e s  a  chemical e t c h  of 
NaOH:W202 t o  expose por t ions  of the  middle (base) l a y e r  of 
a three-layered vapor-grown s t r u c t u r e  f o r  contact ing,  With 
a pos t - fab r i ca t ion  H C l  su r face  treatment t r a n s i s t o r  ga ins  
have been increased t o  values a s  high a s  90, although these  
except ional ly  h igh gains  degrade t o  t h e i r  p re - t r ea ted  values  
i n  about an hour due t o  the  revers ion  of the  GaAs su r face  
t o  i t s  p re - t r ea ted  condition. 
GaAs Trans is  t o r  
Chemical Etching 
Current  Gain 
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SUMMARY 
The objective of t h i s  research program has been to develop a 
vapor-grs tm b i p o l a r  transistor of G a A s  capable s f  opera t ion  at an 
ambient temperature s f  300°C, As a direst result of research efforts 
under this program, GaAs bipolar transistors with stable current gains 
up to 30 at room-temperature and 15 at 300°C can now be reproducibly 
fabricated from vapor-grown n-p-n structures. In addition, a reduction 
in the voltage dependence of the current gain has resulted in reason- 
ably flat transistor I-V characteristics to voltages greater than 50 V. 
Recognition of the fact that sputter etching produces a region 
of high surface recombination in GaAs played a key role in obtaining 
the results above. The fact that our initial sputter-etched transis- 
tors yielded current gains significantly less than expected (15 at 2 5 O C ,  
8 at 300°C) led to an examination of alternate fabrication techniques. 
A chemical etch of NaOH:H202 has been found to provide significant 
increases in transistor current gain and yield, resulting in the gains 
of 30 at room-temperature and 15 at 300"~ mentioned above. In addition, 
the gain of transistors prepared by chemical etching can be increased 
still further with a post-fabrication surface treatment to values as 
large as 90 at 25°C. However, the increased gains brought about by 
the surface treatment are found to degrade back to their as-fabricated 
values over a period of time on the order of an hour. 
In order to prepare more complex geometries suitable for practi- 
cal GaAs transistors, efforts during this investigation also have 
been directed to the development of a photolithographic technology 
for vapor-grown GaAs structures. With this technology, transistors 
have been prepared with a resolution of less than 3 vm, and they have 
been found to be capable of operation to temperatures of 300°C with 
a gain of about 5. 
Finally, the excessive leakage currents for nS-p junctions pre- 
pared in a two-step vapor-growth sequence through an SiOz mask have 
been shown to originate at the semiconductor-epitaxy interface, but 
have not been eliminated. To the contrary, p+-n junctions prepared 
similarly display low leakage currents, presumably due to a slight dis- 
placement of the junction during growth. 
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I ,  INTRODUCTION 
Altllough i t  'has long been recognized t h a t  Gadas has significant 
potential f o r  u s e  i n  high-temperature transistors, this p o t e n t i a l  has 
never been fully realized. Until recently, the major obstacle to the 
fabrication of high-temperature GaAs transistors has been the diffi- 
culty in preparing three-layer structures with a necessarily thin 
base region while maintaining good p-n junction characteristics and 
minority-carrier lifetimes at elevated temperatures. 
Approximately 18 months ago RCA Laboratories embarked on a 
transistor research program for the National Aeronautics and Space 
Administration. This program centered around the use of vapor-grown 
epitaxial layers of GaAs and G ~ A S ~ - ~ P ~  for transistor preparation. 
The primary objective of this research was to examine the potential 
of the vapor-grown structures for bipolar transistor operation at 
temperatures up to 300°C. 
During the first portion of this program (ref. I), the potential 
of vapor-grown three-layered transistor structures was well estab- 
lished. Minority-carrier lifetime measurements on vapor-grown p-n 
junctions revealed that the electron lifetime and diffusion length in 
p-type material were nearly temperature independent between 25' and 
300°C. More importantly, GaAs transistors, fabricated for the first 
time from structures prepared entirely from vapor-growth, were found 
to possess current gains which were also nearly independent of tem- 
perature to 300°C. For GaAs n-p-n transistors with base widths 
between 1 and 2 um, current gains up to 10 were obtained at room- 
temperature and up to 5 at 300°C. In addition, the leakage currents 
of.the base-emitter and base-collector junctions for vapor-grown 
transistor structures were found to be acceptably small (J 10'~ ~/cm2) 
at 300°C. Previous transistors prepared by high-temperature diffusion 
techniques were found to degrade catastrophically at high temperatures, 
with current gains dropping by orders of magnitude between 25" and 
300°C. Such transistors were also plagued by leakage currents about 
an order of magnitude higher than those for the vapor-grown junctions 
(ref. 2), thereby seriously hampering high-temperature operation. 
The primary objective of this second portion of our research pro- 
gram has been to optimize and develop improved transistor structures 
and fabrication procedures for GaAs n-p-n transistors in order to 
provide higher current gains at room-temperature and at 300°C. In 
this regard, efforts have been directed to those areas which most 
strongly affect transistor current gain, and include consideration of 
the emitter injection efficiency, the base transport factor, and sur- 
face recombination. Special emphasis has been placed on efforts to 
develop a technique for exposing portions of the middle (base) layer 
f o r  con tac t ing ;  t h r e e  d i f f e r e n t  t e chn iques  have been e x t e n s i v e l y  in-  
v e s t i g a t e d :  s p u t t e r  e t ch ing ,  chemical e t ch ing ,  and vapor-growth 
through S i 0 2  masks. O f  these,.chemieaP e t ch ing  has  been found t o  prs- 
vide s i g n i f i c a n t l y  increased c u r r e n t  ga ins ,  wi th  values as h igh  a s  
90 ob ta ined  a t  room-temperature and 1 5  a t  300°C. D e t a i l s  s f  t he  gab- 
r i c a t i o n  techniques  and t h e i r  e f f e c t s  on G a A s  t r a n s i s t o r  c u r r e n t  ga in  
a r e  t r e a t e d  i n  t h e  s e c t i o n s  below. 
A.  PARAMETERS AFFECTING CURRENT GAIN I N  GaAs TRANSISTORS 
In t h e  F i n a l  Report  covering t h e  f irst  p a r t  s f  our  research (ref ,  I), 
we descr ibed  G d s  sput te r -e tched  t r a n s i s t o r s  w i th  room-temperature 
c u r r e n t  ga ins  up t o  10 ,  These dev ices  had base  wid ths  of 1 .5  prn, base  
acceptor  concen t r a t ions  of 2 x 1017 cm-3, and e m i t t e r  donor concentra-  
t i o n s  of 2 x 1018 cm-3. I n  order  t o  i n c r e a s e  t h e  c u r r e n t  ga in  i n  t h e  
GaAs t r a n s i s t o r s  s t i l l  f u r t h e r ,  i t  i s  e s s e n t i a l  t o  examine each of t h e  
parameters which can  l i m i t  t h e  c u r r e n t  ga in ,  namely, t h e  e m i t t e r  in-  
j e c t i o n  e f f i c i e n c y ,  base t r a n s p o r t  f a c t o r ,  and s u r f a c e  recombination. 
I n  t h e  s e c t i o n s  below, t h e s e  a r e  examined i n  regard  t o  t h e i r  e f f e c t s  on 
t r a n s i s t o r  g a i n ,  It w i l l  be shown t h a t  op t imiza t ion  i n  each of t h e s e  
a r e a s  is  requ i r ed  t o  improve t h e  cu r r en t  ga in  of our GaAs vapor-grom 
t r a n s i s t o r s .  
I .  Emitter I n j ec t i on  Ef f ic iency 
The emi t t e r  i n j e c t i o n  e f f i c i e n c y ,  y ,  of a n  n-p-n t r a n s i s t o r  i s  de- 
f i n e d  a s  t h e  f r a c t i o n  of t h e  t o t a l  c u r r e n t  which pas ses  through t h e  
emittek-base junc t ion  i n  t h e  form of e l e c t r o n s  i n j e c t e d  i n t o  t h e  p-type 
base l a y e r .  An express ion  f o r  t h e  e m i t t e r  i n j e c t i o n  e f f i c i e n c y  can  be 
r e a d i l y  derived*, assuming i d e a l  d i f f u s i o n  c u r r e n t s  a c r o s s  t h e  emi t t e r -  
base junc t ion .  Such a n  express ion  is  
-1 4% t anh  (2) exp 
Ne 
* 
An express ion  f o r  t h e  r a t i o  of hole- to-electron c u r r e n t s  f o r  a homo- 
junc t ion  can  be found i n :  J .  Lindmayer and C .  Y.  Wrigley, "Funda- 
mentals  of Semiconductor Devices," Van Nostrand Co., New York (1965), 
p. 71, eq. (3-9). Here, t anh  (W/Lp) is assumed t o  approach u n i t y  f o r  
t h e  s h o r t  d i f f u s i o n  l eng ths  expected i n  our heavily-doped e m i t t e r .  
The r e l a t i o n s h i p  f o r  t he  r a t i o  of hole- to-electron c u r r e n t  f o r  a 
homojunction and a he t e ro junc t ion  is  given by H, Kroemer, Proc. I R E  
45, 1535 (1959). The e f f e c t i v e  masses a r e  assumed t o  be t h e  same i n  
the  base and e m i t t e r .  
Here, Nb and N, are the majority c a r r i e r  concentrations i n  t h e  base and 
=litter,  respectively.  p and z are the  mino r i t y  carrier mobility and 
recombination l i f e t i m e ,  Wb is  the  base w i d t h ,  and E, is the d i f f u s i o n  
l e n g t h  a$ mino r i t y  c a r r i e r  e lec t rons  i n  the base. Egb and Ege are the  
energy gap f o r  t h e  b a s e  and emitter,  r e s p e c t i v e l y .  The fac tor  
exp(Egb - E ~ , / ~ T )  accounts  f o r  t h e  p o s s i b i l i t y  of a k e t e r o j u n c k i o n  
occurr ing  due t o  smal l  d i f f e r e n c e s  i n  t h e  GaAs energy gap i n  t h e  
heavi ly  doped emitter and base  reg ions .  
I n  order  t o  improve t h e  e m i t t e r  i n j e c t i o n  e f f i c i e n c y  i n  a n  n-p-n 
GaAs t r a n s i s t o r ,  one can t h e o r e t i c a l l y :  
(a )  i nc rease  t h e  e m i t t e r  doping, thereby  inc reas ing  Ne 
(b) decrease  t h e  base  doping, thereby  decreas ing  Nb 
(c)  decrease  t h e  base  width,  Wb 
(d) i nc rease  t h e  e m i t t e r  energy gap, Ege 
( e )  decrease  t h e  base  energy gap, Egb. 
Increas ing  t h e  emitter concent ra t ion  s i g n i f i c a n t l y  above t h e  p re sen t  
concen t r a t ion  of 2 x 1018 cm-3 has  two d isadvantages .  F i r s t ,  a t  
l a r g e r  Se concen t r a t ions ,  Ga2Se3 p r e c i p i t a t e s  ( r e f .  3) and ga l l ium 
vacancy complexes ( r e f .  4 )  a r e  known t o  occur ,  which almost c e r t a i n l y  
would reduce -rp i n  Eq. ( I ) ,  and thereby tend t o  reduce the  e m i t t e r  in-  
j e c t i o n  e f f i c i e n c y .  Second, a n  inc rease  i n  t h e  donor concen t r a t ion  
would reduce the  e f f e c t i v e  energy gap, E of t h e  GaAs e m i t t e r  due t o  
smearing of t h e  conduct ion band edge w i t g e ;  broadened impuri ty  band 
( r e f .  5 ) .  The he t e ro junc t ion  caused by t h i s  energy gap shr inkage  would 
a l s o  tend t o  reduce t h e  e m i t t e r  i n j e c t i o n  e f f i c i e n c y  given i n  Eq. (1 ) .  
Since t h e  accep to r  concen t r a t ion  i n  t h e  base  is  r e l a t i v e l y  low, 
impuri ty  banding is  sma l l ,  and Egb i s  not  s i g n i f i c a n t l y  a l t e r e d .  It 
t h e r e f o r e  becomes d e s i r a b l e  t o  reduce t h e  acceptor  doping below 
2 x 1017 ~ m ' ~ ,  so  as t o  i nc rease  t h e  emi t t e r  i n j e c t i o n  e f f i c i e n c y  d i r e c t -  
l y ,  according t o  Eq. (1) .  Although t h e  a c t u a l  v a l u e  of y is  d i f f i c u l t  
t o  e s t ima te  because of t h e  unce r t a in ty  i n  t h e  minor i ty  ho le  l i f e t i m e ,  
-rp ,  Eq. (1) c l e a r l y  shows t h a t  t h e  i n j e c t i o n  e f f i c i e n c y ,  and hence t h e  
c u r r e n t  ga in ,  should inc rease  wi th  a r educ t ion  i n  t h e  base acceptor  
doping. 
I n  order  t o  enhance t h e  emi t t e r  i n j e c t i o n  e f f i c i e n c y ,  e f f o r t s  
were made dur ing  t h i s  c o n t r a c t  per iod t o  reduce t h e  Zn concen t r a t ion  
i n  t h e  base by reducing t h e  vapor-pressure of t h e  Zn dur ing  va or-phase 
growth." I n  t h i s  way Zn concen t r a t ions  a s  low a s  7 x 1016 C I B - ~  were 
obtained i n  t he  base  l a y e r .  Such va lues  were determined by C-V measure- 
ments on n + - ~  junc t ions  prepared under growth cond i t i ons  i d e n t i c a l  t o  
those  f o r  t h e  p repa ra t ion  of t h e  t r a n s i s t o r s .  
* See t h e  Appendix of r e f ,  1 f o r  the  r e l a t i o n  between Zn concen t r a t i on  
and t h e  temperature  of t h e  Zn source dur ing  vapor-growth, 
The 1 - V  ck~ai-aclc~ris$_lcs of a s p u t t e r - e t c M  GaAs n-p-a transistor 
prepar-c c! sfitt.11 the 1 igkrteu base doping are shotan in F i g u r e  L at tempera- 
tures of 1126, 227", and 300°C. here, the cur ren t  ga in  i s  shorn t o  in-  
cpesse somewhat wlth increasing temperature f rom a va lue  o i  3 at room- 
t ~ m p e - r n t u r e  and a t  112'C t o  a value s f  about 8 a t  300°C- T h i s  w a s  t h e  
h ighes t  gain obta ined  at 300°C f o r  sputter-etched t r a n s i s t o r s ,  For 
t h i s  p a r t i c u l a r  m a t e r i a l ,  room-temperature ga ins  g r e a t e r  t han  5 were 
c o n s i s t e n t l y  obta ined ,  w i th  va lues  a s  h igh  a s  1 0  observed o c c a s i o n a l l y ,  
Because of t h e s e  reasonably encouraging r e s u l t s ,  Zn concen t r a t ions  i n  
t h e  range of 7 x l 0 l g  t o  l x 1017 cm-3 were employed i n  most of t h e  
t r a n s i s t o r s  prepared during t h e  remainder of t h i s  c o n t r a c t  pe r iod .  
2. Base Transpor t  Factor  
The base  t r a n s p o r t  f a c t o r ,  6 ,  f o r  a n  n-p-n t r a n s i s t o r  i s  t h e  f r a c -  
t i o n  of e l e c t r o n s  i n j e c t e d  from t h e  e m i t t e r  which r each  t h e  c o l l e c t o r  
without  recombining i n  t h e  base.  The t r a n s p o r t  f a c t o r  i s  expressed by 
t h e  equat ion  ( r e f .  6) 
To inc rease  t h e  t r a n s p o r t  f a c t o r ,  and hence t h e  c u r r e n t  ga in ,  E q .  (2) 
simply r e q u i r e s  decreas ing  t h e  base  width Wb. Such a  dec rease  would 
a l s o  have t h e  added b e n e f i t  of i nc reas ing  t h e  e m i t t e r  i n j e c t i o n  e f f i -  
c iency  descr ibed  by Eg. (1)  i n  t h e  previous  s e c t i o n ,  
For t h e  most p a r t ,  previous sput te r -e tched  G d s  t r a n s i s t o r s  pre- 
pared by vapor-phase growth had base  widths of 1.5 t o  2 p a .  However, 
t h e  r e l a t i v e l y  slow growth r a t e  of 0.5 pm/min ( r e f .  7) a c t u a l l y  a l lows  
t h e  p repa ra t ion  of somewhat t h inne r  l a y e r s ,  perhaps u l t i m a t e l y  as t h i n  
a s  0.5 urn, To determine t h e  ex t en t  t o  which t h e  base width could b e  
reduced, one n-p-n t r a n s i s t o r  s t r u c t u r e  w a s  prepared wi th  a base  wid th  
only  s l i g h t l y  g r e a t e r  than  0.5 pm. T r a n s i s t o r s  were s u c c e s s f u l l y  f a b r i -  
ca t ed  from t h i s  s t r u c t u r e  by s p u t t e r  e t ch ing ,  and t h e  ga ins  of t h e  re -  
s u l t i n g  u n i t s  were i n  excess  of 1 5  a t  room-temperature, a s  shorn  i n  
F igure  2 .  These ga ins  were t h e  h ighes t  ob ta ined  wi th  sput te r -e tched  
t r a n s i s t o r s ,  c o n s i s t e n t  wi th  t h e  p r e d i c t i o n s  of E q s .  (1) and (21, how- 
eve r  t h e  I-V c h a r a c t e r i s t i c s  of t h e s e  t r a n s i s t o r s  were h igh ly  nsn- l inear  
w i th  a l a r g e  s a t u r a t i o n  r e s i s t a n c e ,  and were no t  reproducib le  from u n i t  
t o  u n i t .  I n  view of t h e s e  problems, a  width approaching 0.5 Ilrn was 
considered t o  be too small  f o r  t h e  technologies  p r e s e n t l y  a v a i l a b l e .  
Hence, most of the GaAs t r a n s i s t o r s  prepared dur ing  t h i s  c o n t r a c t  in-  
v e s t i g a t i o n  were confined t o  'base th i cknesses  of about 1 u m ,  which d i d  
i n  f a c t  seduce the  p r o b l e ~ n s  a s soc i a t ed  with t h e  t r a n s i s t o r  i n  F i g u r e  2 .  
Figure 1 .  I-V characteristics at 11 2 O, 227 O, and 300 O C  
for a sputter-etched GaAs transistor with 
reduced base acceptor doping. 
VcE= 2 V/div 
ROOM TEMPE WATURE 
p=15 
Figure 2. I-V characteristics at 25*C for sputter-etched 
G a s  transistor with a 1-pm base width. 
I n  subsequent  s e c t i o n s  of t h i s  r e p o r t ,  we w i l l  show t h a t  our  b e s t  GaAs 
t r a n s i s t o r s  were  o b t a i n e d  w i t h  b a s e  w i d t h s  of 1 um. 
3. F a b r i c a t i o n  Damage and S u r f a c e  Recombinat ion  
The f i r s t  GaAs t r a n s i s t o r s  f a b r i c a t e d  from m a t e r i a l  grown e n t i r e l y  
from t h e  vapor-phase,  and i n  f a c t  most of t h e  GaAs t r a n s i s t o r s  f a b r i c a t e d  
p r i o r  t o  t h e  s t a r t  of  t h i s  second p o r t i o n  of our  r e s e a r c h  program, 
u t i l i z e d  a  s p u t t e r - e t c h i n g  t e c h n i q u e  f o r  exposing s e l e c t e d  p o r t i o n s  of 
t h e  b a s e  f o r  c o n t a c t i n g .  However, one q u e s t i o n  which remained unanswered 
d u r i n g  t h e  i n i t i a l  phase  of our  r e s e a r c h  was t h e  e x i s t e n c e  and e x t e n t  of 
any p o s s i b l e  damage i n  t h e  GaAs caused by t h e  s p u t t e r  e t c h i n g  and t h e  
e f f e c t s  of such  damage on c u r r e n t  ga in .  E f f o r t s  t o  c l a r i f y  t h i s  i s s u e  
were undertaken dur ing  t h e  present c s r a t r r a t  period, as discussed 
below and i n  a subsequent sect ion,  
I n  our e a r l i e r  research, a s e r i e s  of l i f e t i m e  and d i f f u s i o n  length 
measurements w a s  c a r r i e d  o u t  on vapor -grom n+-p G a l s  j u n c t i o n s  (ref .  
1 ) -  These measurements i nd i ca t ed  t h a t  m ino r i t y  carr ier  l i f e t i m e s  f o r  
e l e c t r o n s  i n  p-type GaAs were on t h e  order  of 5 t o  10 nsec ,  w i th  cor re-  
s p o n d i n g d i f f u s i o n l e n g t h s  of about 7 pm. From such measurements, and 
from Eqs. (1) and (2) ,  t h e  r e l a t i o n s h i p  between t h e  t h e o r e t i c a l  cur-  
r e n t  ga in  and the  r a t i o  of Ln/Wb was c a l c u l a t e d  f o r  GaAs and Gal-xPx 
t r a n s i s t o r s  ( r e f .  1). Th i s  graph was presented i n  our prev ious  F i n a l  
Report ( r e f .  I ) ,  bu t  is  included i n  t h e  present  r e p o r t  a s  F igure  3 .  
DIFFUSION LENGTH 
BASE WIDTH 
Figure 3. Current gain as a  function of  the ra t io  of d i f f u s ion  Zengkh 
to base uidth for GaAs a d  GaAsq-xPX: t ~ a ~ z s i s t o r s .  
From t h i s  f i g u r e ,  we concluded chat cur ren t  gains on the  o rde r  o f  bU 
cu-iiLb be o b t a ~ n e d  w ~ t l a  GaAs as-p-11 t r a n s i s t o r s  w i t h  l-yw? base w i d t h s .  
Hobrever, for G a b s  transistors f a b r i c a t e d  s.si%h t h e  sputter-etch tech- 
- LL;qae9 -# t h e  m a x i m u m  current gahn o b t a i n e d  has been 15, as prnvi?usLy 
d i s c u s s e d  and illustrated in F i g u r e  2, 
The fac t  t h a t  cu r r en t  gains f o r  t r a n s i s t o r s  prepared by s p u t t e r  
e tch ing  a r e  s i g n i f i c a n t l y  l e s s  t han  t h e o r e t i c a l l y  p red ic t ed  does suggest  
t h a t  s p u t t e r i n g  may in t roduce  damage l ead ing  t o  high s u r f a c e  recombina- 
t i o n ,  which could c l e a r l y  shunt  t h e  i n j e c t e d  minor i ty  c a r r i e r s  and 
thereby reduce t h e  c u r r e n t  ga in .  For t h i s  reason  a l t e r n a t e  techniques  
f o r  exposing t h e  base l a y e r  f o r  con tac t ing  were i n v e s t i g a t e d .  A chemi- 
cal-etching technique,  descr ibed  i n  d e t a i l  i n  t h e  next  s e c t i o n ,  w a s  
found t o  provide s i g n i f i c a n t  improvements i n  t h e  c u r r e n t  g a i n ,  pre- 
sumably by reducing t h e  s u r f a c e  recombination dur ing  t r a n s i s t o r  f a b r i c a -  
t ion .  
B. CHEMICAL ETCHING FOR GaAs  TRANSISTOR FABRICAT ION 
I n  t he  e a r l y  s t a g e s  of our G a A s  t r a n s i s t o r  program, we b r i e f l y  
evaluated s e v e r a l  chemical e t ches  f o r  p e n e t r a t i n g  t h e  e m i t t e r  l a y e r  of 
an n-p-n t r a n s i s t o r .  Two problems wi th  chemical e t ches  became apparent  
a t  t h a t  time: e r r a t i c  e tch ing  r a t e s  and nonf l a tnes s  over t h e  etched 
reg ions  of t h e  wafer .  I n  p a r t i c u l a r ,  "Caro's e tch"  (5 H2S04:l H2O2: l  H20) 
c o n s i s t e n t l y  produced deep "moats" about t h e  edges of an  etched p a t t e r n ,  
thereby punching through t h e  t h i n  base  l a y e r  i n  t h e s e  r eg ions .  A v a r i e t y  
of o t h e r  commonly used semiconductor e t ches  gave s i m i l a r  r e s u l t s .  
I n  c o n t r a s t ,  a NaOW:H202 e t ch  ( r e f ,  8) has  been found t o  provide  
f l a t n e s s  t o  about  0 .1  ym a c r o s s  t h e  e n t i r e t y  of t h e  etched r eg ions ,  a s  
determined by i n t e r f e r o m e t r i c  examination of s e v e r a l  e tched wafers ,  
This  r e s u l t  has  a l s o  been confirmed by i t s  succes s fu l  u s e  i n  f a b r i c a t i n g  
s e v e r a l  GaAs t r a n s i s t o r  s t r u c t u r e s  without  punching through base  l a y e r s  
1 ym t h i c k .  I n  a d d i t i o n ,  an e tch ing  r a t e  of about 0.13 vm/min has  been 
determined by a  s e r i e s  of e t ches  on a  s i n g l e  GaAs wafer ,  a s  shown i n  
F igure  4.  This  e tch ing  r a t e  has been found t o  be reasonably r ep roduc ib l e  
from wafer t o  wafer .  P a r t i c u l a r l y  important f o r  t r a n s i s t o r  f a b r i c a t i o n  
is t h e  f a c t  t h a t  c u r r e n t  ga ins  of t r a n s i s t o r s  f a b r i c a t e d  wi th  t h e  
MaOW:H202 e t c h  a r e  s i g n i f i c a n t l y  higher  than  those  p rev ious ly  obta ined  
wi th  sput te r -e tched  G d s  t r a n s i s t o r s .  The f a b r i c a t i o n  and eva lua t ion  
of t h e  chemically-etched GaAs t r a n s i s t o r s  a r e  descr ibed  below. 
I .  Fabrication Procedure 
G d s  vapor-grown n-p-n t r a n s i s t ~ r s  have been prepared by d e p o s i t i n g  
a  t h i n  (5000 %aye+ of S in2  over t h e  emitter,  pbo(rolithogray7hicaUly 
TIME (rnin) 
Figure 4 .  Depth of etching us ,  etching time for 
NaOH:H202 on <loo> GaAs. 
e tch ing  a  s imple p a t t e r n  through t h e  SiO2, and e t ch ing  through t h e  
emi t t e r  and i n t o  t h e  base wi th  t h e  NaOH:H202 e t c h .  Af t e r  evaporat ing 
Ag-Mn ( r e f ,  9)  onto t h e  exposed base l a y e r  and Ag-Te (o r  Ag) onto t h e  
e m i t t e r ,  t r a n s i s t o r s  a r e  mounted on '60-5 headers  wi th  Au-Sn, u l t r a son -  
i c a l l y  wire-bonded, and evaluated e l e c t r i c a l l y .  It should be mentioned 
he re  t h a t ,  i n  c l e a r  d i s t i n c t i o n  t o  t h e  s o p h i s t i c a t e d  photo l i thographic  
p a t t e r n s  d iscussed  i n  Sec t ion  1 I . C  on page 15,  t h e  work i n  t h i s  s e c t i o n  
u t i l i z e s  a  r e l a t i v e l y  s imple t r a n s i s t o r  s t r i p e  geometry ( r e f .  1, Fig- 
u re s  3 and 4 )  contac ted  by v i s u a l  alignment of evepora t ion  masks onto 
r e l a t i v e l y  l a r g e  a r e a  (10 by 20 mi l s )  base and e m i t t e r  p a t t e r n s ,  
2. C u r r e n t  Gain  and Y i e l d  
Since beginning t h e  use  of t he  NaOH:H202 e t c h ,  a  l a r g e  number of 
chemically-etched GaAs n--p-n t r a n s i s t o r s  have been prepared,  w i t h  cur-  
r e n t  ga ins  as high a s  28 a t  rsom-temperature, a s  i l l u s t r a t e d  i n  F igu re  
5.  Mere t h e  base  width has been reduced t o  1 yrn i n  order  t o  enhance 
t h e  e m i t t e r  i n j e c t i o n  e f f i c i e n c y  and t h e  base  t r a n s p o r t  f a c t o r .  A ga in  
of 28 r e p r e s e n t s  a n  improvement by a  f a c t o r  of 2 over t h e  b e s t  sputeer -  
etched t r a n s i s t o r  w i th  a  l - ~ r n  base width (F igure  2 1 ,  En a d d i t i o n ,  t he  
t r a n s i s t o r s  f a b r i c a t e d  wi th  t h e  chemical-etching technique  were suseep-  
t i b l e  t o  a pos t - f ab r i ca t ion  treatment which r e s u l t e d  i n  f u r t h e r  i nc reases  
Figure 5. I-V characteristics at 2A°C for chemicatty- 
etched, as-fabricated GaAs transistor. 
i n  t h e  room-temperature cu r r en t  ga in ,  a s  d i scussed  i n  Sec t ion  II.B.3 
on pages 1 4  and 15.  
Several  GaAs n-p-n t r a n s i s t o r s  wi th  room-temperature c u r r e n t  ga ins  
between 8 and 28 i n  t h e i r  as - fabr ica ted  cond i t i on  were examined at  
e leva ted  temperatures .  These r e s u l t s  a r e  shown i n  F igure  6.  Here, t h e  
ga ins  a r e  shown t o  be only weakly temperature-dependent between 25" and 
30Q°C, with  t h e  most severe  degradat ion being by a f a c t o r  of 2 .  This  
r e s u l t  is  i n  agreement wi th  e a r l i e r  conclusions concerning t h e  r e l a t i v e  
temperature independence of low-gain t r a n s i s t o r s  ( % 5) prepared by 
s p u t t e r  e tch ing .  Note i n  Figure 6 t h e  ex i s t ence  of two t r a n s i s t o r s  
wi th  cu r r en t  ga ins  approaching 15 a t  30Q°C. Current  ga ins  on t h e  o rde r  
of l 5  a r e  t h e  h ighes t  we have obtained a t  300°C with our vapor-grown 
GaAs t r a n s i s t o r s ,  and a r e  almost c e r t a i n l y  d i r e c t l y  a t t r i b u t a b l e  t o  t h e  
improved (chemical-etching) f a b r i c a t i o n  procedure. The I-V c h a r a c t e r i s -  
t i c s  of one such t r a n s i s t o r  with a ga in  of about 12 a t  30Q°C a r e  shown 
i n  F igu re  7; 
6 
' t ' l l l l ,  f l ' l l l '  €. 
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Figure 6. Current gain us. ambient temperature for chemicaZZy-etched 
n-p-n GaAs transistors in as-fabricated condition. 
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Figure 7. I-V characteristics at 300°C for chemicaZZy- 
etched, as-fabricated GaAs transistor. 
I n  addition t o  t h e  improvements in c u r r e n t  gain brought about by 
the  chemical-etching process,  a similar improvement i n  %he y i ~ Z d  of 
t r ans i s t s r s  has  been observed, T h i s  i s  apparent from the  list sf t en  
t r a n s i s t o r  structures in Table  1 which have y i e l d e d  room-temperature 
TABLE 1 
GaAs n-p-n T r a n s i s t o r s  Prepared by Chemical Etching 
c u r r e n t  ga in s  g r e a t e r  than 1 0  s i n c e  t h e  i n i t i a t i o n  of t h e  chemical- 
e t ch ing  process ,  The y i e l d  of i n d i v i d u a l  t r a n s i s t o r s  from any g iven  
three- layered vapor-grown t r a n s i s t o r  s t r u c t u r e  a l s o  has  been inc reased  
s u b s t a n t i a l l y  by t h e  r e c e n t  e t ch ing  technology. The improvements i n  
both c u r r e n t  ga in  and t r a n s i s t o r  y i e l d  brought about by t h e  chemical 
e t ch ing  s t r o n g l y  suggest  t h a t  t h e  sput te r -e tched  f a b r i c a t i o n  procedure 
produces s u r f a c e  damage i n  t h e  GaAs wafer,  r e s u l t i n g  i n  a d d i t i o n a l  re- 
combination c e n t e r s  i n  t h e  base ,  reduced mino r i t y  c a r r i e r  l i f e t i m e ,  and 
t h e r e f o r e  reduced c u r r e n t  ga in ,  
F i n a l l y ,  we have found t h a t  thermal probing can g e n e r a l l y  be  used 
a f t e r  each NaOH:H202 e t c h  t o  confirm our reaching  t h e  p-type base  Layer 
by t h e  e t c h i n g  process .  I n  t h i s  way, succes s ive  l i g h t  e t c h e s  have been 
used t o  g radua l ly  approach t h e  proper base dep th ,  thereby  i n c r e a s i n g  
t h e  p r o b a b i l i t y  of reaching ,  bu t  no t  p e n e t r a t i n g ,  t h e  t h i n  base l a y e r ,  
The p re sen t  y i e l d  of t h i s  p rocess  i s  es t imated  t o  be about 80%. 
3, Post-Fabr i c a t  ion Surface Treai-men? 
Since  beg inn ing  t h e  u s e  of t h e  NaOB:H202 chemical  e t c h ,  c u r r e n t  
g a i n s  i n  the range  of 10 t o  30 have been ob ta ined  i n  severa.1 "'as- 
f a b r i c a t e d "  GaAs t r a n s i s t o r s ,  As mentioned b r i e f l y  i n  t h e  p rev ious  
s e c t i o n ,  t h e  g a i n s  ~f t h e  t r a n s i s t o r s  f a b r i c a t e d  by t h e  chemical-etch- 
i n g  t e c h n i q u e  can b e  s i g n i f i c a n t l y  i n c r e a s e d  by a  p o s t - f a b r i c a t i o n  sur -  
f a c e  t r e a t m e n t ,  namely a b r i e f  ( 5  t o  1 0  s e c )  immersion i n  H C l  o r  HF 
fol lowed by a w a t e r  and e t h a n o l  r i n s e ,  A t y p i c a l  improvement i n  t h e  
t r a n s i s t o r  g a i n  a t  25OC, b e f o r e  and a f t e r  H C 1  immersion, i s  i l l u s t r a t e d  
i n  F i g u r e  8. Here, t h e  g a i n  was found t o  i n c r e a s e  from a v a l u e  of 9 
b e f o r e  t r e a t m e n t  t o  a  v a l u e  of 20 a f t e r .  
(D A S  - FABRICATED (Is) AFTER H C t  
Figure 8 .  I-V characterist ics a t  25OC for chemicaZZy-etched GaAs 
transistor,  before and a f t e r  HCZ surface treatment. 
?n this way, several  G h a  transistors w i t h  cu r ren t  ga ins  i n  excess 
o f  40 at room-temperature E - a w e .  been ob t a ined ,  as l i s t e d  in T a b l e  1 and 
sk~obri in Figu re  9 ,  The characteristics in this f i g u r e  are from f o u r  
t r a n s i s t o r s  fabr ica ted  f rom f o u r  d i f f e r e n t  vapor-grom s t r u c t u r e s ,  each 
vi*L&$ 2 base w i d t h  of 1 prn (except f o r  the upper  r i g h t  characteristics, 
where t h e  base w i d t h  was 1,s urn) ,  A s  showm here ,  cu r ren t  ga ins  as  h igh  
as 90 have been a t t a i n e d  wi th  chemically-etched t r a n s i s t o r s  followed 
by t h e  pos t - f ab r i ca t ion  s u r f a c e  t rea tment ,  A gain of 90 is  t h e  h ighes t  
we have achieved dur ing  t h i s  i n v e s t i g a t i o n ,  and r e p r e s e n t s  an  improve- 
ment by about a f a c t o r  of 9  over t h e  h ighes t  ga ins  a v a i l a b l e  a t  t h e  
s t a r t  of t h e  second po r t ion  of our research .  I n t e r e s t i n g l y ,  t h e  previ-  
ous vapor-grown GaAs t r a n s i s t o r s  prepared by s p u t t e r  e t c h i n g  could not  
be f u r t h e r  increased  by any known pos t - f ab r i ca t ion  t r ea tmen t ,  aga in ,  
presumably due t o  t h e  ex i s t ence  of a  high-recombination damage l a y e r  
which extends s i g n i f i c a n t l y  i n t o  t h e  base of t h e  t r a n s i s t o r .  The ex- 
i s t e n c e  of such a  l a y e r  could n o t  only l i m i t  t h e  i n i t i a l  ga in  of a  
t r a n s i s t o r ,  bu t  could a l s o  shunt  any f u r t h e r  s u r f a c e  improvements. To 
t h e  con t r a ry ,  t h e  l a c k  of any s i g n i f i c a n t  damage l a y e r  i n  t h e  chemically- 
e tched t r a n s i s t o r s  probably accounts  f o r  t h e i r  i n i t i a l l y  h igher  ga in ,  
a s  w e l l  a s  t h e i r  f u r t h e r  improvement when t h e  s u r f a c e  cond i t i on  i s  en- 
hanced wi th  t h e  H C 1  t rea tment ,  A c u r r e n t  ga in  of 90 f o r  a  chemically- 
e tched t r a n s i s t o r  wi th  a  1-ym t h i c k  base  l a y e r  i s  even somewhat h igher  
than t h a t  p red ic t ed  i n  F igure  3,  confirming t h e  absence of any unde- 
s i r a b l e  shunt ing  mechanisms. 
One problem wi th  t h e  H C 1  o r  HF pos t - f ab r i ca t ion  t rea tment  desc r ibed  
above i s  t h a t  t h e  increased  c u r r e n t  ga ins  degrade r a p i d l y  t o  t h e i r  pre- 
t r e a t e d  a s - f ab r i ca t ed  va lues  a f t e r  a  s h o r t  per iod of t ime ( 2 1 hour) ,  
a s  shown i n  F igure  10. However, a f t e r  such degrada t ion ,  t h e  h igher  cur- 
r e n t  ga ins  can  gene ra l ly  be r e s t o r e d  by a  repeated s u r f a c e  t rea tment .  
Since n e i t h e r  H C 1  nor HF pe rcep t ib ly  e t c h e s  GaAs, t h e  s t r o n g  depen- 
dence of ga in  on such t rea tments  i n d i c a t e s  t h e  importance of surface 
e f f e c t s ,  and p o i n t s  t o  t h e  need f o r  f u t u r e  s u r f a c e  p a s s i v a t i o n  s t u d i e s  
on our present  GaAs t r a n s i s t o r s .  In  t h i s  regard ,  l a y e r s  of A1203 have 
been depos i ted  on t h e  f a b r i c a t e d  t r a n s i s t o r s  a t  400' t o  50Q°C i n  a n  
atmosphere of K C l ,  however t h e s e  d e p o s i t i o n s  have not  y e t  r e s u l t e d  i n  
s t a b i l i z a t i o n  of ga ins  higher  t han  t h e  as - fabr ica ted  va lues ,  
C, IMPROVED TRANSISTOR CHARACTERISTICS 
The high-gain t r a n s i s t o r s  presented i n  Figure 9 i l l u s t r a t e  t h e  
q u a l i t y  of proper ly- fabr ica ted  vapor-grown t r a n s i s t o r  s t r u c t u r e s .  Now- 
eve r ,  each of t h e  I-V c h a r a c t e r i s t i c s  i n  F igure  9 show two undes i r ab le  
c h a r a c t e r i s t i c s ,  F i r s t ,  t h e  c o l l e c t o r  c u r r e n t  begins t o  i n c r e a s e  
s i g n i f i c a n t l y  a t  vo l t ages  i n  t h e  range of I 0  t o  20 V due t o  a s o f t e n i n g  
of the  base-col lec tor  r eve r se  b i a s  c h a r a c t e r i s t i c s  i n  t h i s  v o l t a g e  range,  
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Figure 10. Gradual, reversion of current gains t o  as-fabricated 
values a f t e r  HC1 surface treatment. 
Secondly, a t  any given base  c u r r e n t ,  t h e  c o l l e c t o r  c u r r e n t  g a i n  t ends  
t o  i nc rease  s l i g h t l y  wi th  inc reas ing  v o l t a g e ,  which i s  ind ica t ed  by t h e  
gradual  i nc rease  i n  t h e  spacing of two ad jo in ing  I-V c h a r a c t e r i s t i c s  
separa ted  by a  u n i t  s t e p  i n  base  c u r r e n t .  This  e f f e c t  i s  due t o  a  
widening of t he  base-col lec tor  dep le t ion  l a y e r  i n t o  t h e  narrow base  r e -  
gion,  which reduces t h e  e f f e c t i v e  width of t h e  base  and thereby  i n c r e a s e s  
t h e  c u r r e n t  ga in  ( r e f .  10)  . 
Each of t h e  above problems can  be reduced by reducing t h e  donor 
concen t r a t ion  i n  t h e  c o l l e c t o r ,  A t  lower c o l l e c t o r  doping, t h e  r e v e r s e  
b r e a k d o n  vo l t age  of t he  base-col lec tor  j unc t ion  inc reases  ( r e f ,  E l ) ,  
thereby extending t h e  s o f t  reg ion  of t h e  pre-breakdown c h a r a c t e r i s t i c s  
t o  s i g n i f i c a n t l y  higher  vo l t ages .  I n  a d d i t i o n ,  a t  reduced c o l l e c t o r -  
doping concen t r a t ions  ( r e l a t i v e  t o  t h a t  of t h e  base)  an  increased  f r a c -  
t i o n  s f  t h e  d e p l e t i o n  l a y e r  extends i n t o  t h e  c o l l e c t o r ,  thereby  reducing  
t h e  magnitude s f  d e p l e t i o n  l a y e r  widening i n  t h e  c r i t i c a l  base  l a y e r .  
The c o l l e c t o r  donor concent ra t ion  fo r  all our  vapur-groxnt G a A s  
transistors is determi.ned by the background contamia~at ion of the  vapor-  
>has2 system; nc intentional dopants are added,  For all t h e  G d - s  t r an -  
sistors d i s c u s s e d  up t o  PIOW, incl lgdi~lg those  i n  F i g u r e  9 ,  a vapor-growth 
s y s t e m  had been used which t y p i s a I L y  p rov ided  n- type  "sundoped" donor  
concen t r a t i ons  of abou% I x 1.016 electrons/cm3.  I n  o rde r  t o  dec rease  
t h e  c o l l e c t o r  doping of a GaAs t r a n s i s t o r ,  a  vapor-growth system was 
used which had been e s p e c i a l l y  designed f o r  h igh-pur i ty  c r y s t a l  growth. 
I n  t h i s  system, t y p i c a l  donor concen t r a t i ons  of "undoped" l a y e r s  a r e  
i n  t h e  range of 5  x  10 l4  ~ m - ~ .  
The I-V c h a r a c t e r i s t i c s  f o r  t h e  base-emit ter  j u n c t i o n  of a GaAs 
t r a n s i s t o r  prepared i n  t h e  h igh-pur i ty  vapor-growth system a r e  presen ted  
i n  t h e  upper photograph of F igure  11. Note h e r e  t h e  smal l  r e v e r s e  cur -  
r e n t  t o  v o l t a g e s  as l a r g e  a s  70 t o  80 V .  
N-p-n GaAs t r a n s i s t o r  s t r u c t u r e s  prepared i n  t h e  h ighe r  p u r i t y  
vapor-growth system have a l s o  demonstrated improved c h a r a c t e r i s t i c s ,  
a s  i l l u s t r a t e d  i n  t h e  lower photograph of F igu re  11. Here, t h e  I-V 
c h a r a c t e r i s t i c s  a r e  n e a r l y  i d e a l l y  h o r i z o n t a l  over  t h e  extended v o l t a g e  
range of about 50 V, a s  e x p e c t e d . f o r  t h e  lower c o l l e c t o r  doping.  
The t r a n s i s t o r  c h a r a c t e r i s t i c s  shown i n  F igu re  11 r e p r e s e n t  a  
s i g n i f i c a n t  improvement i n  f l a t n e s s  and v o l t a g e  range  over  a l l  previ-  
ously-prepared vapor-grown t r a n s i s t o r s .  Current  ga in s  a s  h igh  a s  30 
have been obta ined  f o r  such t r a n s i s t o r s ,  a s  i l l u s t r a t e d  i n  F igure  12. 
D. PHOTOLITHOGRAPHIC TRANSISTOR FABRICAT ION 
A l l  of t h e  work desc r ibed  i n  t h e  prev ious  s e c t i o n s  i nvo lves  a  rela- 
t i v e l y  s imple s t r i p e  geometry ( r e f .  1, Figures  3  and 4) con tac t ed  by 
v i s u a l  alignment of evapora t ion  masks onto r e l a t i v e l y  l a r g e  a r e a  (10 
by 20 mi l s )  ba se  and emitter p a t t e r n s .  However, f o r  maximum u s e f u l n e s s  
of G a A s  t r a n s i s t o r s ,  t h e i r  f a b r i c a t i o n  should be  c o n s i s t e n t ,  a s  much 
a s  p o s s i b l e ,  w i t h  s tandard  ( s i l i c o n )  technologies  and c o n f i g u r a t i o n s .  
I n  f a c t ,  s p e c i f i c  t r a n s i s t o r  geometr ies  w i l l  almost c e r t a i n l y  be re- 
qui red  f o r  p a r t i c u l a r  a p p l i c a t i o n s ,  e . g . ,  high-frequency, swi tch ing ,  
power a p p l i c a t i o n s ,  e t c .  For such geometr ies ,  a  pho to l i t hog raph ic  mask- 
ing  technology i s  e s s e n t i a l .  
A second advantage of a  photo l i thographic  masking technique  i s  
t h a t  it  a l lows  a  s e r i e s  of e t ch ings  t o  be consecu t ive ly  executed with- 
o u t  real ignment .  By e t ch ing  a wafer i n  s e v e r a l  s t e p s  and monitor ing 
t h e  depth  a f t e r  each s t e p ,  one can compensate f o r  t h e  smal l  v a r i a t i o n s  
which occur i n  chemical- o r  spu t t e r - e t ch  r a t e s  from run  t o  run .  I n  
a d d i t i o n ,  t r a n s i s t o r s  w i th  app rec i ab ly  smal le r  dimensions than those  
Figure 11. Improved base-emitter junction characteristics and 
transistor characteristics for chemicaZZy-etched 
GaAs structures vapor-grown with Zower cotZector 
doping, 
Figure 12. I -V characteristics at 25 O C  for chemicaZZy -etched GaAs 
transistor vapor-grown with lower coZZector doping. 
previous ly  f a b r i c a t e d  can be r e a d i l y  obtained by a  p h o t o r e s i s t  tech-  
nique. Since t h e  p r o b a b i l i t y ,  P ,  of inc luding  no randomly d i s t r i b u t e d  
d e f e c t s  i n  an  emi t t e r  of a r ea  A i s  g iven  by ( r e f .  12) 
P = exp (-nA) , (3)  
where n  is t h e  s u r f a c e  de fec t  d e n s i t y ,  t h e  yield i nc reases  exponentially 
a s  t h e  a r e a  is decreased.  
For a l l  of t h e  reasons  given above, e f f o r t s  during t h i s  c o n t r a c t  
i n v e s t i g a t i o n  have a l s o  been extended t o  t h e  development of a  photo- 
l i t h o g r a p h i c  technology involving Si02 depos i t i on ,  photo l i thographic  
masking, and e i t h e r  spu t t e r -  o r  chemical-etching, a s  descr ibed  i n  t h e  
subsequent two subsec t ions .  
I .  Sputter-Etching Technology 
The spu t t e r - e t ch  technique descr ibed  i n  our previous F i n a l  Report 
( r e f .  1 )  requi red  t h e  use  of &; 2 mi l - th ick  molybdenum mask. Although 
this masking procedure was adequate  f o r  pre l iminary  evaluat ion of vapor- 
growl Cransistar structures, it s u f f e r e d  from several disadvantages, 
F i r s t ,  t h e  masking procedure is somewhat c rude ,  s ince  opaque molybdenum 
handicaps o p t i c a l  a l i g m e n t ,  Secondly, t h e  r e s o l u t i ~ n  of the  array 
etched through a % - - - m i l  t h i chmask  is about 1. m i l ,  which t h e r e f o r e  pre-  
vents  t h e  use  of emitter o r  base p a t t e r n s  w i t h  dimensions less than  
about 10 m i l s .  F i n a l l y ,  s i n c e  t h e  mask must be a  s i n g l e ,  cont inuous  
p i ece ,  t y p i c a l  concent r ic  t r a n s i s t o r  p a t t e r n s  cannot be  convenient ly  
used. To circumvent t h e s e  problems, we have i n i t i a t e d  t h e  u s e  of an  
RCA p h o t o r e s i s t  a s  a  mask a g a i n s t  s p u t t e r i n g .  The RCA p h o t o r e s i s t  w a s  
s e l e c t e d  because i t  had previous ly  been found t o  be p a r t i c u l a r l y  re- 
s i s t a n t  t o  s p u t t e r  e tch ing .  
Our photo l i thographic  procedure begins  w i th  t h e  d e p o s i t i o n  of a 
t h i n  (5000 A) l a y e r  of Si02 followed by a  t h i c k  (3  t o  4 pm) l a y e r  of 
RCA p h o t o r e s i s t .  A t r a n s i s t o r  p a t t e r n  is  then  chemical ly etched through 
t h e  p h o t o r e s i s t  and t h e  Si02 by s tandard  photo l i thographic  techniques .  
The wafer is  exposed t o  s p u t t e r  e t ch ing ,  and is  p ro t ec t ed  i n  s e l e c t e d  
a r e a s  by t h e  combination of Si02 and p h o t o r e s i s t .  The Si02 a l o n e  is not  
adequate  f o r  t h i s  purpose, s i n c e  i t  i s  etched i t s e l f .  The p h o t o r e s i s t  
a lone  is a l s o  not  adequate  s i n c e  t h e  mechanical a c t i o n  of t h e  s p u t t e r -  
ing process  is t r ansmi t t ed  through i t  and w i l l  d i s t u r b  a  GaAs s u r f a c e  
which is not  a l s o  covered by t h e  harder  Si02. 
F igure  l 3 ( a )  i l l u s t r a t e s  an  a r r a y  of GaAs e m i t t e r  s t r u c t u r e s  which 
has  been s p u t t e r  etched t o  dimensions of 1 m i l  square  and 4 m i l s  square .  
T r a n s i s t o r s  prepared wi th  t h e s e  sma l l e r  emi t t e r  dimensions should have 
a  reasonably good 'frequency response a s  w e l l  as a wide tempera ture  range. 
I n  a d d i t i o n ,  t h e  e m i t t e r  crowding which has  been observed i n  some t r an -  
s i s t o r s ,  and which has  been r epor t ed  p rev ious ly  ( r e f .  1 )  , should be 
smal le r  wi th  t h e  p h o t o r e s i s t  technology, s i n c e  t h e  p e r i p h e r a l  a r e a  of 
each e m i t t e r  w i l l  form a l a r g e r  f r a c t i o n  of t h e  t o t a l  a r e a .  F i g u r e  
l 3 ( b )  i l l u s t r a t e s  a  p r a c t i c e  t r a n s i s t o r - t y p e  p a t t e r n  obta ined  from t h e  
sput te r -e tched  mesa p a t t e r n  of F igure  1 3 ( a ) .  
Although t h e  photo l i thographic  technology f o r  s p u t t e r  e t c h i n g  
appears  t o  be s a t i s f a c t o r y ,  i t  has no t  been used f o r  a c t u a l  t r a n s i s t o r  
f a b r i c a t i o n  dur ing  t h i s  c o n t r a c t  i n v e s t i g a t i o n  because of t h e  improve- 
ments brought about  by t h e  u s e  of chemical e t ch ing  f o r  GaAs t r a n s i s t o r  
f a b r i c a t i o n .  A similar photo l i thographic  technology, which is appropr i -  
a t e  f o r  chemical e t ch ing ,  and which has  been used f o r  GaAs t r a n s i s t o r  
f a b r i c a t i o n  is presented below. 
2. Chemical-Etching Technology 
Because s f  t h e  success  achieved by t h e  u s e  of chemical e t c h i n g  f o r  
exposing selected po r t ions  of t h e  base  r eg ion ,  a p h o t o r e s i s t  t echnique  
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Figure 13. Base and emit ter  arrays formed by photolitho- 
graphic masking and sput ter  etching.  
has been developed which incorpora tes  our NaBN:H202 chemical e t c h ,  T h i s  
proc~dure is shown schematically in Figu re  1 4 ,  and I s  desc r ibed  below. 
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Figure 1 4 ,  Fabrication procedure for photolithographie masking 
ard cherflicaZ e-tching of GaAe transistors, 
A t y p i c a l  c o l l e c t o r ,  base, and emitber three- layered s t r u c t u r e  is  
e p i t a x i a l l y  vapor-deposited onto an  n+ GaAs s u b s t r a t e ,  as shorn i n  
F igure  1 4 ( a ) ,  The emitter areas are  then masked w i t h  BCA No, 1 photo- 
r e s i s t ,  which has  a l s o  been used he re  because of its except iona l  a b i l i t y  
t o  withstand t h e  hydrogen peroxide i n  t h e  NaQB:H2Q2 e t c h ,  This  e t chan t  
is  employed t o  e t c h  through t h e  m i t t e r  l a y e r ,  forming i s o l a t e d  emi t t e r  
mesas and exposing the  base l a y e r ,  a s  shown i n  F igure  14 (b ) .  
Af t e r  removal of t h e  p h o t o r e s i s t ,  Si02 is  depos i ted  over t h e  wafer 
su r f ace ,  and success ive  p h o t o r e s i s t  p a t t e r n s  a r e  l a i d  down t o  d e f i n e  
t h e  a r e a s  f o r  t h e  emi t t e r  and base con tac t s .  The appropr i a t e  a l l o y s  
(Au-Ge f o r  t h e  e m i t t e r  and Au-Zn f o r  t h e  base) a r e  then  evaporated and 
s i n t e r e d  t o  form t h e  con tac t s  t o  t h e  emi t t e r  and base,  followed by t h e  
evaporat ion of Sn t o  t h e  c o l l e c t o r .  To provide s u f f i c i e n t  s t r e n g t h  
f o r  bonding, e l e c t r o l e s s  N i  and Au a r e  p l a t ed  t o  a l l  c o n t a c t s ,  a f t e r  
which t h e  wafer is cleaved i n t o  ind iv idua l  t r a n s i s t o r s  [F igure  1 4 ( c ) ] .  
A t y p i c a l  base-emitter p a t t e r n  obtained by t h i s  photo l i thographic  
technique is  shown i n  Figure 15.  Here, t h e  s t r i p e  down t h e  cen te r  i s  
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Figure 15. Base-emitter photoZithographic pattern 
fomed by chemicaZ etching. 
a base contact, whereas t h e  larger square on t h e  r i g h t  i s  a 0.004 x 
0.084 i n  m i t t e r  mesa with a 0,002 x 0.002 i n  contact  i n  the c e n t e r ,  
The smaller square on the  %ef t  is a 0.061 x 0.001 i n  m i t t e r  mesa wi th  
a 0*0085 w 0,0005 i n  contact  i n  t h e  center. &cepe fo r  t h e  me ta l i z ed  
a r e a s ,  t h e  en t i r e  su r f ace  is covered wi th  S i02 ,  which in particular 
p r o t e c t s  the edges of the emit ter-base junc t ions .  From an examination 
of the small emitter of Figure 15 at higher magnification, the resolu- 
tion of this photolithographic technique is estimated to be on the order 
of 3 pm. 
The room-temperature transistor characteristics for the 0.004 x 
0.004 in emitter unit shown in Figure 15 are presented in Figure 16. 
PHOTOL.ITHOGRAPW IC FABRICATION 
Figure 16. I-V characteristics at 2S°C for GaAs transistors 
prepared photolithographically with chemical 
etching. 
The characteristics in Figure  $6 are s h s m  t o  be well-behaved and ex- 
h i b i t  a  current ga in  of about  5. T h i s  t r a n s i s t o r ,  and o t h e r s  prepared 
from t h e  same wafer, retained their current gain and proper I - V  charae- 
ter is t ics  over the entire temperature range between 25' and 360°C, 
Particularly significant is t h e  fact t h a t  cyc l ing  between 360' and 25'C 
did not no t i ceab ly  a l t e r  the c h a r a c t e r i s t i c s  o r  ga in  of %kese t ransis-  
t o r s ,  presumably due t o  t h e  p r o t e c t i o n  of t h e  base-emit ter  j unc t ion  by 
t h e  Si02. Future  e f f o r t s  w i t h  such t r a n s i s t o r s  should examine t h e  
n a t u r e  and ex ten t  of t h i s  p r o t e c t i o n .  
E. TWO-STEP VAPOR-GROWTH THROUGH S i02 MASKS 
I n  our  prev ious  r e p o r t  ( r e f .  l ) ,  we  descr ibed  t h e  format ion  of 
two-step vapor-grown junc t ions ,  which were c o n s i s t e n t l y  found t o  r e s u l t  
i n  d iodes  wi th  l a r g e  r e v e r s e  c u r r e n t s ,  p a r t i c u l a r l y  a t  300°C. Despi te  
t h i s  problem, t h e  regrown t r a n s i s t o r  s t r u c t u r e  shown i n  F igu re  17  has  
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Figure 17. Transistor structure possible with high-quality emitter- 
base junctions vapor-deposited through SiOZ masks. 
two s t rong  advantages which mer i t  f u r t h e r  a t t e n t i o n .  F i r s t ,  t h e  s t r u c -  
t u r e  s i m p l i f i e s  con tac t ing  t h e  base.  Second, by combining t h e  regrowth 
wi th  a  s h o r t  bu t  c o n t r o l l e d  chemical e t c h ,  t h e  e f f e c t i v e  base  width may 
poss ib ly  be reduced. Such a  r educ t ion  need not  a f f e c t  t h e  s e r i e s  r e -  
s i s t a n c e  of t h e  base,  s i n c e  t h e  th i ckness  away from t h e  e m i t t e r  j unc t ion  
could be somewhat l a r g e r ,  as shown i n  F igure  17 .  
To i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  t h e  previous  leakage  c u r r e n t s  
r e s u l t  from Si02 rnasking r a t h e r  than  from t h e  two-step regrowth i t s e l f ,  
w e  have examined two vapor-grown n'-p junctions prepared i n  a two-step 
regrowth sequence wikhout X i O a  m a s k i q .  The reverse current  d e n s i t i e s  
sb t a i~ned  in these junctions at room-temperature and at 300gC rare pre -  
sented i n  Table P I  a long w i t h  previous r e s u l t s  f o r  n+mp Junc t ions  re- 
grsm through an S I Q z  mask, The important r e s u l t  of t h i s  experiment is 
tha t  the  r e g r o m  junct ions  prepared without S i 0 2  masking a r e  s i g n i f i -  
c a n t l y  bet ter  than  t h e  junc t ions  prepared through an S i Q 2  mask, and i n  
f a c t ,  a r e  comparable t o  j unc t ions  prepared i n  a  s i n g l e  cont inuous growth. 
Since regrown junc t ions  can thus  be prepared w i t h  good r e v e r s e  
leakage c h a r a c t e r i s t i c s ,  i t  then  becomes important t o  determine t h e  
sou rce  of t h e  leakage f o r  regrowths through SiQ2. For t h i s  purpose, 
Si02 was depos i ted  on one ha l f  of a  GaAs wafer and a n  a r r a y  of two 
d i f f e r e n t l y  s i z e d  ho le s ,  10  and 50 m i l s  i n  d iameter ,  was etched through 
t h e  Si02. No Si02 was depos i ted  on t h e  o t h e r  h a l f  of t h e  wafer ,  The 
two ha lves  were placed side-by-side i n  t h e  growth chamber and an  n+ 
GaAs l a y e r  was e p i t a x i a l l y  depos i ted  onto t h e  -type GaAs, The r eve r se -  
b i a s  vo l t age  a t  a  c u r r e n t  d e n s i t y  of about 10-3 ~ / c m 2  is  presented  i n  
Table III f o r  t h e  v a r i e t y  of d iodes  examined i n  t h i s  experiment.  
It becomes i m e d i a t e l y  apparent  t h a t  t h e  p-n j u n c t i o n s  a r e  s i g n i f i -  
c a n t l y  more leaky  (have smal le r  v o l t a g e s  a t  a given c u r r e n t  d e n s i t y )  
f o r  t h e  small-area junc t ions  grown through t h e  Si02 than  f o r  t h e  la rge-  
a r e a  junc t ions  s i m i l a r l y  grown, and t h a t  bo th  such junc t ions  a r e  more 
leaky  than those  grown over t h e  la rge-area  wafer of GaAs wi thou t  SiO2 
masking. I n  a d d i t i o n ,  Table I11 shows t h a t  d iodes  which were cleaved 
from t h e  innermost p o r t i o n  of t h e  regrown a r e a s  ( i . e . ,  t h e  per iphery  
of t h e  d iodes  were cleaved away) a r e  of comparable q u a l i t y  t o  t h o s e  re- 
grown without  SiQ2 masking, These r e s u l t s  s t r o n g l y  i n d i c a t e  t h a t  t h e  
leakage is  almost e n t i r e l y  confined t o  t h e  per iphery  of t h e  regrown 
a r e a s ,  which n e c e s s a r i l y  accounts  f o r  a  l a r g e r  f r a c t i o n  of t h e  t o t a l  
a r e a  f o r  t h e  10-mil diameter d iodes  than  f o r  t h e  50-mil diameter d iodes .  
-I- I n t e r e s t i n g l y ,  t h e  n -p diodes  a r e  no t  e a s i l y  cleaned up by simple 
chemical t r ea tmen t s ,  suggest ing t h a t  t h e  low-quality m a t e r i a l  extends 
inward from t h e  c r y s t a l  s u r f a c e  along t h e  junc t ion  p lane .  This  m a t e r i a l  
is d e f i n i t e l y  confined t o  t h e  gene ra l  per iphery  of t h e  regrown a r e a ,  
s i n c e  t h e  leakage is removed upon c l eav ing  away t h e  edges of t h e  re- 
growth. It remains undetermined whether t h e  leakage i s  due t o  t h e  
s p e c i f i c  use  of SiO2 as a mask, o r  t o  t h e  u s e  of any f o r e i g n  m a t e r i a l  
i n t e r f a c i n g  w i t h  t h e  e p i t a x i a l  GaAs su r f ace .  This  ques t ion  w i l l  neces- 
s a r i l y  have t o  be solved be fo re  such a  two-step vapor-deposi t ion tech-  
n ique  w i l l  become p r a c t i c a l  f o r  n-p-n t r a n s i s t o r  f a b r i c a t i o n .  
I n t e r e s t i n g l y ,  f o r  t h e  f a b r i c a t i o n  of p-n-p t r a n s i s t o r s  of GaAs o r  
GaAsl,,P,, a  two-step regrowth may be p r e s e n t l y  f e a s i b l e .  S imi la r  t o  
t h e  technique descr ibed  above, an  n-type (undoped) GaAs vapor-grotm 
Reverse Current  Dens i t i e s  i n  G d s  
Vapor-Gram n+-p Junctions 
I M a t e r i a l  No. (Min) a t  300°C a t  25°C I 
Masks 
1-26-70: 3 6 
1-9-70: 1 8 
TABLE 111 
-b- 
Leakage i n  Two-Step Vapor-Grom n -p 
J u n c t i o n s  at Room-Temperattsre 
Avg. Voltage a t  
J % 10-2 ~ / c m %  
No. Si02 masking 13.2 
Growth through .010 i n  d i a .  ho le s  i n  SiO2 1 . 4  
Growth through ,050 i n  d i a .  ho le s  i n  SiO2 4 .2  
Center of .010 i n  d i a .  d iodes  9.1 
Center of -050 i n  d i a .  d iodes  10' 
l a y e r  was depos i ted  on a n  nf GaAs s u b s t r a t e ,  a f t e r  which t h e  wafer  was 
removed from t h e  growth chamber, depos i ted  w i t h  S i02 ,  and pho to l i t ho -  
g r a p h i c a l l y  etched t o  form an a r r a y  of 10-mil diameter  ho le s  i n  t h e  
Si02.  A p-type l a y e r  of GaAs was then  depos i ted  i n  t h e  h o l e s  by a  
second vapor-phase growth. The I-V c h a r a c t e r i s t i c s  of t h e  p+-n junc- 
t i o n  formed i n  t h i s  sequence a r e  i l l u s t r a t e d  i n  F igure  18.  Here, t h e  
absence of leakage  and t h e  sharp  reverse-b ias  breakdown a r e  comparable 
t o  t h a t  f o r  p+-n junc t ions  formed i n  a  convent iona l  s i n g l e  growth. The 
reason  f o r  t h e  h igh-qual i ty  j unc t ion  i n  F igu re  18  is  thought t o  b e  due 
t o  a  s l i g h t  displacement of t h e  p-n junc t ion  i n t o  t h e  n-type l a y e r  by 
t h e  d i f f u s i o n  of Zn dur ing  t h e  5-to 10-minute growth a t  750°C used he re .  
Such a d i f f u s i o n  process  would be enhanced by t h e  h igh  concen t r a t ion  of 
Zn i n  t h e  pf l a y e r  and t h e  s t rong  dependence of t h e  d i f f u s i o n  c o e f f i -  
c i e n t  on concen t r a t ion  f o r  Zn i n  GaAs ( r e f .  1 3 ) .  Although p-n-p t r an -  
s i s t o r s  of GaAs a r e  not  p a r t i c u l a r l y  u s e f u l  due t o  t h e  low ga ins  ex- 
pected f o r  t h e  small  r a t i o  of pp /pn ,  t h e  somewhat higher  r a t i o  of p /pn  
i n  GaAsl-,P, and t h e  t rend  toward longer  d i f f u s i o n  l eng ths  i n  P-r i cE  
a l l o y s  of GaAslWxP, may a l low t h i s  technique  t o  f i n d  f u t u r e  u se  h e r e .  
Figwe 18. I-V characteristics of GaAs p+-n- junction 
vapor-grown through an SiOZ mask. 
811. CONCLUSIONS AND RECOMMENDATIONS 
A s t u d y  of s ~ v e r a l  parameters which l i m i t  khe current  gain s f  G a A s  
b i p o l a r  tnramsls tors  Pras l ed  t o  tlze development of an n-p-m t ransis tor  18 
with emitter, base, and co l l ec to r  impurity concen t r a t ions  of 2 x 1 0  
1 x L Q ~ ~ ,  and 5 x 1614 ern-3 r e s p e c t i v e l y ,  and wi th  a base  w i d t h  of 1 vrn, 
Using such a s t r u c t u r e  and proper  f a b r i c a t i o n  techniques ,  c u r r e n t  ga ins  
i n  t he  range of 1 0  t o  30 can be reproducib ly  obtained a t  room-temperature 
f o r  GaAs t r a n s i s t o r s  wi th  n e a r l y  i d e a l l y  f l a t  I-V c h a r a c t e r i s t i c s  t o  
vo l t ages  g r e a t e r  than 50 V,  In add i t i on ,  wi th  an  H C l  s u r f a c e  t rea tment ,  
t r a n s i s t o r  ga ins  can be increased  t o  va lues  a s  h igh  a s  90, a l though t h e s e  
excep t iona l ly  high ga ins  degrade t o  t h e i r  a s - f ab r i ca t ed  v a l u e s  i n  about 
an hour due t o  t h e  r eve r s ion  of t h e  GaAs s u r f a c e  t o  i t s  a s - f ab r i ca t ed  
condi t ion .  
A photo l i thographic  f a b r i c a t i o n  technology wi th  a r e s o l u t i o n  of 
about 3 um has been developed f o r  u se  wi th  chemically- o r  sput te r -e tched  
vapor-grown G a A s  t r a n s i s t o r s .  Chemically-etched t r a n s i s t o r s  wi th  r e l a -  
t i v e l y  temperature-independent c u r r e n t  ga ins  of about 5 have been pre- 
pared i n  t h i s  fashion.  
The excess ive  leakage which p r e v a i l s  f o r  n+mp junc t ions  prepared 
i n  a two-step vapor-growth sequence through an  SiO2 mask has  been found 
t o  a r i s e  p r imar i ly  a t  t h e  Si02-epitaxy i n t e r f a c e .  Th i s  leakage  is d ras -  
t i c a l l y  reduced i n  t h e  i n t e r i o r  of t h e  vapor-growth p a t t e r n  and i n  junc- 
t i o n s  prepared i n  two-steps without  Si02 masking. P+-n junc t ions ,  s i m i -  
l a r l y  prepared,  a r e  well-behaved wi th  low-leakage c u r r e n t s ,  presumably 
due t o  a s l i g h t  displacement of t h e  junc t ion  away from t h e  Si02 i n t e r f a c e  
by t h e  r a p i d  d i f f u s i o n  of Zn dur ing  growth. 
In  order  t o  provide c u r r e n t  ga ins  higher  than  30 which a r e  s t a b l e  
wi th  t ime and temperature,  f u t u r e  e f f o r t s  w i l l  be  r equ i r ed  i n  t he  a r e a  of 
s u r f a c e  and pas s iva t ion  s t u d i e s ,  With such e f f o r t s ,  i t  may b e  p o s s i b l e  
t o  permanently maintain the  GaAs t r a n s i s t o r  ga ins  of 90 t h a t  can now be 
a t t a i n e d  only f o r  r e l a t i v e l y  s h o r t  per iods  of time. A l t e r n a t e l y ,  f u r t h e r  
r e sea rch  i n  examining t r a n s i s t o r  s t r u c t u r e s  o r  geometr ies  w i t h  base wid ths  
s i g n i f i c a n t l y  l e s s  than  1 pm could poss ib ly  provide a s - f ab r i ca t ed  c u r r e n t  
ga ins  s u f f i c i e n t l y  h igh  t o  e l i m i n a t e  t h e  need f o r  pos t - f ab r i ca t ion  s u r f a c e  
t r ea tmen t s ,  
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V, NEW TECHNOLOGY APPENDIX 
A Chemical-Etch Technique f a r  Exposing Selected Regions 
of t h e  Base Layer of a G a A s  Transistor f a r  Subsequent Contact ing 
Research under t h e  present  c o n t r a c t  i n v e s t i g a t i o n  has  r e s u l t e d  i n  
one item of new technology: A Chemical-Etch. Technique f o r  Exposing Se- 
l e c t e d  Regions of t h e  Base Layer f o r  Subsequent Contact ing,  This  tech- 
nology and its r e s u l t s  f o r  GaAs n-p-n t r a n s i s t o r s  a r e  descr ibed  on pages 
9 through 26 of t h i s  r e p o r t ,  and a r e  sumpnarized below. 
GaAs vapor-grown n-p-n t r a n s i s t o r s  had p rev ious ly  been f a b r i c a t e d  
by a  spu t t e r - e t ch  technique ( r e f ,  I ) ,  r e s u l t i n g  i n  b i p o l a r  t r a n s i s t o r s  
wi th  cu r r en t  g a i n s  a s  l a r g e  a s  1 5  a t  room-temperature and 8 a t  300°C. 
During t h e  present  c o n t r a c t  i n v e s t i g a t i o n ,  a  room-temperature 
chemical e t ch  c o n s i s t i n g  of 1 M sodium hydroxide-0.7 M hydrogen peroxide 
has been used t o  e t c h  through s e l e c t e d  po r t ions  of t h e  e m i t t e r  and i n t o  
the  t h i n  base l a y e r ,  thereby exposing r eg ions  of t h e  base f o r  subsequent 
contac t ing .  I n  t h i s  way, c u r r e n t  ga ins  of GaAs n-p-n t r a n s i s t o r s  have 
been increased  t o  va lues  a s  h igh  a s  90 a t  room-temperature and 15  a t  
30Q°C, A s i m i l a r  improvement i n  t h e  t r a n s i s t o r  y i e l d  has  a l s o  r e s u l t e d  
from t h e  chemical e tch ing .  
The f e a t u r e s  of t h i s  e t c h  which a r e  p a r t i c u l a r l y  important  f o r  t h e  
p re sen t  t r a n s i s t o r  a p p l i c a t i o n  a r e  i t s  f l a t n e s s  when e t c h i n g  through a  
mask, and i t s  reproducib le  e t ch ing  r a t e ,  which we measure t o  be  about 
0,13 pm/min, A s  compared t o  t h a t  f o r  t h e  spu t t e r - e t ch  technique,  sur-  
f a c e  recombination i n  t h e  base l a y e r  i s  almost c e r t a i n l y  reduced w i t h  
t h e  NaOH:H202 chemical e tch .  
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